The Molecular Hamiltonian
in atomic units, where i, j refer to electrons and A, B refer to nuclei.
The Hamiltonian may be written more compactly aŝ H =T N (R) +T e (r) +V eN (r, R) +V N N (R) +V ee (r),
where R is the set of nuclear coordinates and r is the set of electronic coordinates.
Separability
Some parts of the Hamiltonian depend on nuclear coordinates R, and others depend on electronic coordinates r. Any time the Hamiltonian is separable likê
then the eigenfunctions are just
and the eigenvalues are just
. Unfortunately, the electron-nuclear potential energyV eN (r, R) = − A,i Z A r Ai prevents our molecular Hamiltonian from being separable.
The Born-Oppenheimer Approximation
Try to separate the electronic and nuclear degrees of freedom even though they are coupled by the electron-nuclear potential energyV eN (r, R). We can do this because the electrons are much lighter than the nuclei, and so with respect to the electrons, the nuclei are almost stationary. Thus we 1. Fix the nuclei at some chosen configuration R a 2. Solve for the motion of the electrons for this nuclear configuration, giving an electronic energy E e (R a ) and wavefunction Ψ(r; R a ) 3. Repeat for other nuclear configurations R b of interest, building up a Potential Energy Surface E e (R).
Some Mathematical Details
Initially,T N (R) can be neglected sinceT N is smaller thanT e by a factor of M A /µ e , where µ e is the reduced mass of an electron. Thus for a fixed nuclear configuration, we havê
such thatĤ e (r; R)Ψ(r; R) = E e (R)Ψ(r; R)
This is the "clamped-nuclei" Schrödinger equation. Notê V N N (R) is just a constant for any particular R.
The Total Wavefunction
An exact solution to the full Schrödinger equation can be obtained by using an (infinite) expansion of the form
although usually only one or two terms are necessary for a particular state. Inserting this expansion into the original Schrödinger equation eventually yields:
The Nuclear Wavefunction Fortunately, the previous expressions involve terms which are usually small, and assuming the wavefunction is real, we normally obtain the following equation for the motion of the nuclei on a given Born-Oppenheimer potential energy surface:
Thus, when the off-diagonal couplings can be ignored, the nuclei move in a potential field set up by the electrons. The potential energy at each point is given primarily by U kk (the expectation value of the electronic energy, just E e (R) previously), with a small correction factor T ′′ kk , called the Born-Oppenheimer Diagonal Correction (BODC).
The Born-Oppenheimer Diagonal Correction
Also called the adiabatic correction. First systematic study at the Hartree-Fock level by Handy, Yamaguchi, and Schaefer (1986) . First systematic study at correlated levels of theory by Valeev and Sherrill (2003) . The difference between the adiabatic correction for the C 2v and D ∞h structures. 
Coordinates for Potential Energy Surfaces
In the absence of fields, a molecule's potential energy doesn't change if it is translated or rotated in space. Thus the potential energy only depends on a molecule's internal coordinates. There are 3N total coordinates for a molecule (x, y, z for each atom), minus three translations and three rotations which don't matter (only two rotations for linear molecules). The internal coordinates may be represented by simple stretch, bend, torsion coordinates, or symmetry-adapted linear combinations, or redundant coordinates, or normal modes coordinates, etc.
